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New specimen of the rare requiem shark 
Eogaleus bolcensis from the Bolca Lagerstätte, Italy
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Larocca Conte, G., Trevisani, E., Guaschi, P., and Fanti, F. 2020. New specimen of the rare requiem shark Eogaleus 
bolcensis from the Bolca Lagerstätte, Italy. Acta Palaeontologica Polonica 65 (3): 547–560.
A rare carcharhinid specimen (slab and counter-slab, MSNPV 24625-24626) from the world-renowned Eocene Bolca 
locality was recently rediscovered during a restoration project started in 1989 by the Museo di Storia Naturale di Pavia. 
The individual, the largest Eogaleus bolcensis known from Bolca, is disarticulated and lies in a massive limestone matrix, 
suggesting its provenience from the Monte Postale site. While assessing its taxonomic status, multiple morphological 
affinities and ontogenetic trends within the Bolca Carcharhiniformes assemblage where documented. Eogaleus bolcensis 
is here distinguished from the school shark Galeorhinus cuvieri exclusively according to dermal denticle morphology, 
suggesting partial overlap of ecologic and trophic niches between the two species. Further, measurements and meristic 
counts taken on different traits of E. bolcensis (two individuals) and G. cuvieri (five individuals) specimens show high 
degree of similarities. The ratios “trunk length/total length” and “sum of vertebral centra (head region)/total length” of 
four complete individuals of the fossil assemblage were averaged and employed to estimates the total length of MSNPV 
24625-24626. Here, the total length of MSNPV 24625-24626 is estimated in about 172.1±0.1 cm. The same approach is 
applied to MCSNV T.311 (E. bolcensis, holotype) and MNHN F.Bol.516 (G. cuvieri, holotype), two partially-preserved 
fossil individuals from Bolca locality. To support the ontogenetic variability among the Bolca shark assemblage, the 
age of the fossil individuals was estimated following the Von Bertalanffy Growth Function, using the modern chon-
drichthyans growth parameters as a reference. Data presented here suggest that all G. cuvieri specimens are juvenile 
individuals, whereas the E. bolcensis specimens were young-adult.
Key words:  Chondrichthyes, Carcharhinidae, Triakidae, Eogaleus, Galeorhinus, Von Bertallanfy Growth Function, 
age classes, Eocene, Europe.
Gabriele Larocca Conte [glaroccaconte@ucmerced.edu], Environmental System, University of California Merced, 
5200 North Lake Rd., 95343, Merced, California, United States of America; and Museo Geologico Giovanni Capellini, 
Alma Mater Studiorum, Università di Bologna, Via Zamboni 63, 40126, Bologna, Italy.
Enrico Trevisani [trevisani.enrico@comune.fe.it], Museo di Storia Naturale di Ferrara, Via De Pisis 24, 44121, Fer-
rara, Italy.
Paolo Guaschi [paolo.guaschi@unipv.it], Museo di Storia Naturale dell’Università di Pavia, Piazza Botta 9-10, 27100, 
Pavia, Italy.
Federico Fanti [federico.fanti@unibo.it], Dipartimento di Scienze Biologiche, Geologiche e Ambientali, Alma Mater 
Studiorum, Università di Bologna, Via Zamboni 67, 40126, Bologna, Italy; and Museo Geologico Giovanni Capellini, 
Alma Mater Studiorum, Università di Bologna, Via Zamboni 63, 40126, Bologna, Italy.
Received 10 January 2020, accepted 13 April 2020, available online 22 July 2020.
Copyright © 2020 G. Larocca Conte et al. This is an open-access article distributed under the terms of the Creative 
Commons Attribution License (for details please see http://creativecommons.org/licenses/by/4.0/), which permits unre-
stricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
Introduction
In 1989, the Museo di Storia Naturale of the Pavia University 
in Italy started a complex renovation project with the goal of 
a complete census of the diverse items housed in the main 
building, including specimens pertaining to the historic 
paleontological collections. The need for a complete and 
detailed catalogue provided a unique opportunity for restor-
ing, photographing and properly labeling several neglected 
specimens. Among those was an uncatalogued, exquisitely 
preserved individual of the requiem shark Eogaleus bol-
censis from the Eocene of Bolca, Italy, one of the least rep-
resented taxa within the rich assemblage of this world-re-
nowned “Fossil-Lagerstätte”.
The Ypresian Bolca fossil-bearing beds are among the 
few Eocene fossiliferous sites where partial and complete 
shark fossils have been collected. The taxonomy of these 
specimens has been discussed since the 1860’s (Molin 1861; 
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Lioy 1865; De Zigno 1874; Jaekel 1894; De Beaumont 1960; 
Cappetta 1975; Fanti et al. 2016; Marramà et al. 2017a, b, 
2018). A variety of research has been conducted on fos-
sil sharks from the Bolca site, and includes detailed de-
scriptions of specimens housed in Paris (MNHN), Bologna 
(MGGC), London (NHMUK), Padova (MGD-PD), and 
Verona (MCSNV) (Cappetta 1975; Fanti et al. 2016; Mar-
ramà et al. 2017a, b, 2018). To date, only 9 individuals and 
16 isolated teeth have been collected from the Bolca site. 
These fossils belong to the carcharhinid E. bolcensis, the 
triakid Galeorhinus cuvieri, and the odontaspid lamniform 
Brachycarcharias lerichei.
The aim of this paper is twofold: (i), we provide a detailed 
anatomical description of the new E. bolcensis individual 
and we estimate its total length (TL) using a comparative 
dataset of shark centrum diameter and total length; (ii) we 
compare the fossil individuals of the Bolca site to highlight 
remarkable anatomical and ecological similarities between 
the taxa E. bolcensis and G. cuvieri.
Institutional abbreviations.—MCSNV, Museo Civico di 
Storia Naturale di Verona, Italy; MGGC, Museo Geologico 
Giovanni Capellini, Bologna, Italy; MGP-PD, Museo Geo-
logico-Paleontologico dell’Università di Padova, Italy; 
MNHN, Muséum National d’Histoire naturelle of Paris, 
France; MSNPV, Museo di Storia Naturale dell’Università 
di Pavia, Italy.
Other abbreviations.—MC, Monte Postale site; TL, total 
length; VBGF, Von Bertalanffy Growth Function.
Material and methods
The investigation into the historic archive of the Pavia 
Museum yielded important information about the historical 
specimen (MSNPV 24625-24626, slab and counter-slab). 
In 1825, the Museum Director, Gian Maria Zendrini, pur-
chased nine specimens collected from the Bolca locality 
(Jucci 1939; Rovati 1999; Galeotti 1999) including the slabs 
of the single specimen. As no original illustration or pho-
tographic material of the acquisition has been uncovered, 
the description provided by Gironi et al. (1831), following 
Zendrini’s annotations, represented the sole reliable source 
for identifying the shark material among the acquired mate-
rial. Gironi et al. (1831) first identified the specimen, most 
likely based on the sole description of the Bolca vertebrates 
available at the time provided by Volta (1796–1808: 224, pl. 
55) and Blainville (1818: 94), and assigning the specimen to 
the swamp eel Synbranchus immaculatus (now a synonym 
of S. marmora tus Bloch, 1795). The historical archive of the 
museums where the chondrichthyans from Bolca are housed 
does not report an accurate locality where shark samples 
from Bolca were excavated. Similarly, the stratigraphic con-
text of Bolca Carcharhiniformes individuals is not men-
tioned. However, shark specimens from Bolca locality are 
restricted to two of the five fossiliferous sites: the Pesciara 
quarry and the Monte Postale site. These sites are roughly 
correlated stratigraphically and chronologically. Although 
such official documentation lacks detailed locality infor-
mation, samples can be assigned to peculiar sites based on 
lithological and taphonomic characteristics (Papazzoni and 
Trevisani 2006; Cerato 2011; Trevisani 2015; Marramà et 
al. 2016). Broadly, the Monte Postale succession includes 
massive, low organic content limestone beds with the oc-
currence of benthic mollusks and bioturbations (Papazzoni 
and Trevisani 2006; Cerato 2011; Trevisani 2015). Fossils 
recovered from the Monte Postale site are often disartic-
ulated, exposing single or multiple concave distortions of 
the vertebral column (Marramà et al. 2016). Following 

















































Fig. 1. A. Terminology of longitudinal measurements following Cappetta 
(1975). Measurements 17–23 have been added in this paper, expanding 
the original model. 1, total length (TL); 2, head length; 3, trunk length; 
4, caudal fin length; 5, head-first dorsal fin length; 6, head-second dorsal 
fin length; 7, head-pelvic fin length; 8, head-anal fin length; 9, head-caudal 
fin length; 10, basal lobe length; 11, apical lobe length; 12a-b-c, first dor-
sal base-anterior edge-height; 13a-b-c, second dorsal base-anterior edge-
height; 14a-b-c, pectoral fin base-anterior edge-height; 15a-b-c, pelvic 
fin base-anterior edge-height; 16a-b-c, anal fin base-anterior edge-height; 
17, first-second dorsal fins length; 18, second dorsal-caudal fin length; 
19, pectoral-pelvic fins length; 20, pelvic-anal fins length; 21, anal-caudal 
fins length; 22, apical lobe-caudal tip length; 23, basal-apical lobes length. 
B. Terminology of dental characters according to Adnet and Cappetta 
(2008) and Ebert and Stehemann (2013). MGGC 1976 in labial (B1) and 
lingual (B2) views. Measurements taken for each tooth:  ch, crown height; 
de, distal edge; mcl, main cusp length; mcw, main cusp width; me, mesial 
edge; me+mcl, mesial edge + main cusp length; rh, root height; rl, root 
length; th, total height. 
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the Monte Postale succession as the fossiliferous site from 
Bolca locality where the individual MSNPV 24625-24626 
was originally collected (Massimo Cerato, personal com-
munication 2019).
The slabs MSNPV 24625-24626 were cleaned and re-
stored using soft brushes and silicone (CTS© silica 110). 
Several fossil elements including dermal denticles, vertebral 
centra, and teeth were covered with mortar glue which was 
probably applied during collection of the slabs. Selected 
areas of both slabs were prepared to expose the fossil. 
Following the methodology outlined by Fanti et al. (2016), 
the specimen was carefully analyzed under natural and UV-
light. We collected samples of dermal denticles from the 
head region preserved in slab MSNPV 24625 and from the 
distal-dorsal part of the trunk preserved in slab MSNPV 
24626. Scales were examined with a Scanning Electron 
Microscope (SEM; Tescan Mira3; Voltage = 20.0 kV) at 
the University of Pavia. Close examination of the speci-
men using UV light allowed us to accurately discriminate 
preserved cartilaginous tissues from areas where the pig-
mented mortar glue was employed.
Body-size terminology and measurements follow Cap-
petta (1975; Fig. 1A). Teeth are described using combined 
terminologies of Ebert and Stehmann (2013) and Adnet and 
Cappetta (2008; Fig. 1B). Finally, the terminology for dermal 
denticles follows Dillon et al. (2017) and Ferrón and Botella 
(2017). Measurements were taken with a digital caliper to 
the nearest 0.5 mm for teeth and 1 mm for vertebral cen-
tra. Eogaleus bolcensis (MGP-PD 8869C-8870C, MCSNV 
T.311) and Galeorhinus cuvieri (MGP-PD 8871-8872, 
MCSNV T.1124, MCSNV VII.B.96-VII.B.97, MGGC 1976, 
MNHN F.Bol.516) individuals were analyzed by following 
the adopted methodological approach.
The completeness of several fossil individuals (MGP-PD 
8871-8872, slab and counter-slab; MGP-PD 8869C-8870C, 
slab and counter-slab; MCSNV T.1124; MGGC 1976) pro-
vided a unique opportunity to compare the morphomet-
ric body measurements in terms of percentage relative to 
the total length (%TL) among the taxa E. bolcensis and G. 
cuvieri (SOM 1: table 1, Supplementary Online Material 
available at http://app.pan.pl/SOM/app65-LaroccaConte_
etal_SOM.pdf). We used such dataset to estimate the to-
tal length (Table 1) of the partially preserved individuals 
(MSNPV 24625-24626, MNHN F.Bol.516, and MCSNV 
T.311). The errors associated with the estimates are ex-
pressed in absolute (Δa) and percentage (ɛ%) errors. We 
applied the Von Bertalanffy Growth Function (Bertalanffy 
1938) to our body measurements dataset in order to esti-
mate the age of the MGP-PD 8869C-8870C, MGP-PD 8871-
8872, MCSNV VII.B.96-VII.B.97, MCSNV T.311, MCSNV 
T.1124, MSNPV 24625-24626, MGGC 1976, and MNHN 
F.Bol.516. We used age-growth curves of extant sharks of the 
families Carcharhinidae, Scyliorhinidae, Sphyrnidae, and 
Triakidae as a reference to compare the age-growth values of 
E. bolcensis and G. cuvieri individuals. Data presented here 
include growth parameters representative of Carcharhinus 
brevipinna, C. leucas, C. longimanus, Galeocerdo cuvier, 
Galeorhinus galeus, Galeus sauteri, Isogomphodon oxy-
rhynchus, Mustelus antarticus, M. californicus, M. lenticu-
latus, M. mustelus, Negaprion brevirostris, Prionace glauca, 
Rhizoprionodon porosus, R. lalandii, Sphyrna lewini, S. ti-
buro, S. zygaena, and Triakis semifasciata (SOM 1: table 2; 
Olsen 1984; Kusher 1987; Brown and Gruber 1988; Yudin 
and Caillet 1990; Francis and Francis 1992; Kusher et al. 
1992; Moulton et al. 1992; Parsons 1993; Goosen and Smale 
1997; Francis and Mulligan 1998; Lessa et al. 1999, 2000, 
2009; Wintner and Dudley 2000; Skomal and Natanson 
2003; Cruz-Martinez et al. 2004; Joung et al. 2005; Piercy et 
al. 2007; Coelho et al. 2011; Liu et al. 2011).
Systematic palaeontology
Class Chondrichthyes Huxley, 1880
Subclass Elasmobranchii Bonaparte, 1838
Order Carcharhiniformes Compagno, 1973
Family Carcharhinidae Jordan and Evermann, 1896
Table 1. Measurements, body ratios, and estimated total length of Galeorhinus cuvieri and Eogaleus bolcensis. In italics estimates based on lon-
gitudinal measurements and ratios against total length of four well-preserved fossil specimens. * trunk length/(average trunk length/total length) 
×100; ° head vertebral centra/(average head vertebral centra/total length) ×100. The accuracy of the estimates is expressed as absolute (Δa) and 
percentage (ɛ%) errors.















Trunk length (cm) 35.5 46 48.3 37 73 89.3 85.7
Head vertebral centra (cm) 5 6.7 6.5 5.3 9.7 12.4 10
Trunk length/total length (%TL) 51.15 50 52.48 54.07 51.93
Head vertebral centra/total length (%TL) 7.2 7.28 7.07 7.19 7.2
Total length (cm)* 71.2 172 165
Total length (cm)° 73.6 172.2 138.9
TL average (cm) 72.5 172.1 152
TL Δa 1.2 0.1 13.1
TL ɛ% 1.7 0.03 8.6
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Genus Eogaleus Cappetta, 1975
Type species: Eogaleus bolcensis Cappetta, 1975; Bolca locality,  Italy, 
Eocene.
Eogaleus bolcensis Cappetta, 1975
Material.—MSNPV 24625-24626, a partially articulated 
speci men, 120 cm TL (Figs. 2–6) most likely from Monte 
Postale (GPS 45°36’13.85” N, 11°13’21.41” E), Bolca local-
ity, Vestenanova, Verona, Italy; Eocene, Ypresian, middle–
late Cuisian, SBZ 11 Alveolina dainelli Biozone (Serra-Kiel 
et al. 1998; Trevisani 2015). The specimen is in a mas-
sive limestone matrix. The teeth are only preserved on slab 
MSNPV 24625, while the dermal denticles patches are pre-
served on both slabs. The individual is disarticulated, with 
an S-shaped vertebral curvature due to postmortem muscu-
lar contraction. A cluster of bivalves is preserved posterior 
to the head.
Description.—A partially preserved carcharhinid with the 
following overall features: teeth of different shape and size, 
of height up to 6 mm; disarticulated cartilages in the head 
region; 132 preserved vertebral centra, wider than high, 
showing an S-shaped curvature posterior to the head; clus-
ters of fin radials run ventrally along the vertebral column; 
two types of dermal denticles (arrow- and teardrop-shaped) 
arranged in patches.
The whole individual (MSNPV 24625-24626) measures 
120 cm (preserved body length; Fig. 2). The head region and 
the proximal section of the trunk are twisted clockwise. A 
bivalve cluster is preserved posteriorly to the head region 
(Figs. 2, 3).
Fig. 2. Eogaleus bolcensis Cappetta, 1975, MSNPV 24625, Monte Postale, Bolca, Italy; middle–late Cuisian. The head region is exposed in dorsal view, 
while the trunk area is exposed in lateral view. Photograph (A1), explanatory drawing (A2). Dermal denticles are widespread arranged in patches along 
the body (orange). The yellow patches mark the different typologies of mortar glues employed for the assemblage of the slab. The green dashed lines 
separate the matrix of the specimens from the rocky blocks used for the preparation of the slabs. The star indicates the anatomical area (i.e., a fragment 
from identified nasal capsule) where dermal denticle samples were collected. Numerals refer to the arrangement of vertebral elements in life position. 
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In the head region (Fig. 3), the palatoquadrate and the 
Meckel’s cartilage are fragmented and associated with 
patches of dermal denticles, that overall mark an arched 
trend. The right nasal capsule extends from the palatoquad-
rate to the anterior proximity of the preserved head. The 
first vertebral centrum is placed distal to the Meckel’s car-
tilage. In slab MSNPV 24625, a branchial arch is preserved 
posterior to the 7th and 8th centra, and is covered by dermal 
denticles patches (Fig. 3).
No teeth are preserved in slab MSNPV 24626. Twenty-
five teeth are observed on slab MSNPV 24625 (Fig. 4). All 
teeth are exposed in labial view. The variation in shape and 
size of preserved teeth indicate high heterodonty (Fig. 4). All 
the measurements of teeth are provided in SOM 2. Lateral 
teeth are the most abundant type of the preserved tooth set 
(Fig. 4A2, B2). Teeth are triangular in overall shape and 
asymmetrical along the basal-apical axis. The total tooth 
height is 44% of the root length. The crown is smooth. The 
mesial edge is straight and has up to eight serrations. The 
mesial inflection point is sharp. The main cusp is approxi-
mately 20% of the root length and it is inclined distally. The 
distal angle (i.e., the angle set up by the intersection between 
the distal edge and the main cusp) is acute, approximately 
45°, with a deep notch at the main cusp-distal edge inter-
section. The distal edge bears three secondary cusps that 
decrease in size distally. The distal edge is about half of the 
mesial one. The root is wider than high and flat on its labial 
surface. Several foramina run along the root surface. The 
anterior teeth are different in shape and size (Fig. 4B2: teeth 
17, 19, and 21). The shape is overall triangular, with a mesial 
edge that bears up to two distally secondary cusps. The 
crown is smooth. The main cusp is robust or slender. The 
distal angle is approximately right or slightly higher than 
90°. The distal edge is smooth or bears one secondary cusp. 
One symphyseal tooth (Fig. 4A2: tooth 12) is preserved. It 
is a triangular, symmetrical tooth as high as wide ( th/rl 1). 
Mesial and distal edges are about 25% of total height. The 
main cusp is approximately 3/4 of the total height and lacks 
serrations. The crown is smooth and convex. The distal an-
gle is slightly higher than 90°, with a deep notch. The distal 
edge bears one secondary cusp.
The vertebral column includes 132 preserved centra and 
displays a strongly S-shaped bent (Fig. 2, 5; measurements 
provided in SOM 3). Vertebral centra are wider than high 
with prominent, wedge-shaped intermedial calcifications. 
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Fig. 3. Dorsal view of the head region of Eogaleus bolcensis Cappetta, 1975, MSNPV 24625, Monte Postale, Bolca, Italy; middle–late Cuisian. Photograph 
under UV light (A1), the hard tissues well differentiate from matrix bulk and pigmented mortar glues: photograph under natural light with explanatory 
drawing (A2). Numerals refer to the arrangement of vertebral elements in life position. Abbreviations: b, benthic organisms; ba, branchial arch; mc, 
Meckel’s cartilage; mg, mortar glue; nc, nasal capsule; pq, palatequadrate; t, teeth; vc, vertebral centra. 
552 ACTA PALAEONTOLOGICA POLONICA 65 (3), 2020
no evidence of antero-posterior compression during burial 
and we intepret the arangement to reflect the true anatom-
ical positioning. The size of centra increases posteriorly, 
hitting a peak at the 39th centrum, the widest of the se-
ries (antero-posterior length 16 mm). The antero-posterior 
length declines caudally. A further peak in vertebral size is 
reached at the 49th centrum (antero-posterior length 16 mm; 
Fig. 5). The caudal decreases in the overall size of verte-
Fig. 4. The head region of Eogaleus bolcensis Cappetta, 1975, MSNPV 24625, Monte Postale, Bolca, Italy; middle–late Cuisian, in dorsal view with pre-
served teeth in labial view.  Close-up photos of left (A) and right (B) lateral areas of the preserved head region. Photographs under natural light (A1, B1), 
explanatory drawings (A2, B2), preserved teeth (orange), and tooth molds (violet). Numbers refer to teeth count on MSNPV 24625, for measurements see 
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bral centra are herein grouped in three vertebral segments 
(Fig. 5): 40th–67th centrum (average ~10–11 mm), 68th–98th 
centrum (average ~7–8 mm), and 99th–132nd centrum (aver-
age 6 mm).
Basal cartilage is observed between the 16th and the 22nd 
vertebral centra (Fig. 6A1, B1). Finally, two clusters of poorly 
preserved ventral fin radials are preserved between the 88th 
and the 98th and the 115th and the 125th vertebral centra (for a 
total of 15 fin radials counted) (Fig. 6A2, B2).
The external morphology of MSNPV 24625-24626 is 
interpreted using the following criteria: vertebral elements 
included in the head region extends to the 15th centrum for 
a total length of 12.4 cm. The preserved head length (i.e., 
from the 15th centrum to the anterior edge of the nasal cap-
sule) is approximately 18 cm; the basal cartilage preserved 
between the 16th and the 22nd is referred to as the pectoral 
fin. The 16th centrum marks the beginning of the trunk 
region. Fin radials clustered among the 88th–98th centra are 
considered as components of the anal fin. The 114th centrum 



























Fig. 5. Antero-posterior length of vertebral centra of Eogaleus bolcensis, 
MSNPV 24625. The size of centra increases rapidly the 33th–39th (16 mm). 
Caudal to the 39th vertebral centrum, the centrum size decreases slowly in 
3 steps: (i) the 40th–67th (average: 10.6 mm reaching a peak of 14 mm at 
the 49th centrum); (ii) the 68th–98th (average: 7.6 mm); (iii) the 99th–132nd 
(average: 6.0 mm). Vertebrae are numbered from anterior (1) to posterior 
(132). Measurements and counts are provided in SOM 3.
Fig. 6. The apical area (A) and distal region (B) of the trunk of Eogaleus bolcensis Cappetta, 1975, MSNPV 24625, Monte Postale, Bolca, Italy, middle–
late Cuisian, in lateral view. Photographs under UV light (A1, B1) and interpretative drawings (A2, B2). The basal cartilage extends ventrally and parallel to 
vertebral column among the 16th–22nd centra. In B1 the clusters of fin radials ventrally extend among the 88th–98th and the 115th–125th centra. The arrows 
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According to vertebral centra length, the trunk is 89.3 cm 
long. The ventral fin radials between the 115th–125th centra 
are interpreted as components of the caudal fin. The 115th 
centrum is the first of the caudal series, which measures 
10.1 cm.
Patches of dermal denticles occur discontinuously along 
the entire body of the shark (Fig. 7). SEM imaging of skin 
samples collected from the head region and the distal part 
of the trunk revealed two different morphotypes. The first 
morphotype (here referred to as Morphotype A; Fig. 7A) in-
cludes arrow-shaped scales. This type of denticles is taller 
than wide, running along the distal area of the trunk. The 
number of ridges per scale varies from 5 to 8; the edges of 
peaks (i.e., apical termination of ridges) are rounded. The 
crown measures approximately 420 μm in average. The 
overall thickness is about 100 μm. Hexagonal, micro- cells 
cover the bottom outline of the scale. In several individual 
scales, the surface is medio-distally thickened by ridges, 
developing an upward-pointing spine. Ridges diverge 
apically and are well separated, arranging subparallel to 
each other. The interspace of ridges ranges between 100 
and 120 μm. The second morphotype (here referred as to 
Morphotype B; Fig. 7B) includes teardrop-shaped scales, 
taller than wide (about 75 μm thick), and they are arranged 
on the head region. The crown size is about 450 μm. Six 
subparallel ridges develop on the crown surface, in which 
the medial ones converge apically. Ridges decrease pro-
gressively in thickness apically until they merge with the 
surface. The ridge interspace average is approximately 
74 μm. The apical edge is smooth. The surface is distally 
covered by hexagonal micro-structures. Medial spines are 
absent.
Fig. 7. Dermal denticles at different scales of head and trunk regions (in dorsal view) of Eogaleus bolcensis Cappetta, 1975, Monte Postale, Bolca, Italy; 
middle–late Cuisian. A. MSNPV 24625, details of a skin patch preserved in the head region (A1), SEM imaging of a Morphotype A denticle (A2); the scale is 
thick and well ridged, an upward-pointing spine occurs in dorsal view, thickened by the distal convergence of ridges. B. MSNPV 24626,  patches of dermal 
denticles of arranged ventrally to vertebral column, along the distal area of the trunk (B1), SEM imaging of a denticle in dorsal view from the trunk region, 
where dermal denticles are teardrop-shaped (Morphotype B) (B2); the ridges end apically, without forming peaks, medial-distal upward spines are absent. 
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Discussion
Taxonomic identification.—To date, the species Eogaleus 
bolcensis (Cappetta, 1975) is differentiated from the other 
Bolca carcharhiniforms Galeorhinus cuvieri (Agassiz, 1835) 
by distinct anatomical features, including overall body 
morphology and proportions, number of vertebral centra, 
tooth morphology and size, and dermal denticles shape and 
size (Cappetta 1975; Fanti et al. 2016; Marramà et al. 2018). 
Analysis of dental characteristics in the new specimens sug-
gests similarities with tooth types of E. bolcensis. However, 
dentition, as well as external morphology, cannot provide 
enough information to properly assess MSNPV 24625-
24626 due to taphonomic artifacts (i.e., the individual is par-
tially preserved, and few well-preserved teeth are exposed 
in the head region). Dermal denticles represent a reliable 
anatomical feature for comparison, and assign the individual 
described herein to the taxon E. bolcensis. Dermal scales of 
E. bolcensis display systematic differences in shape and size 
with those of G. cuvieri. Morphotype A has morphological 
and size affinities with placoid scales collected from the 
trunk region of MCSNV VII.B.94 (E. bolcensis; Cappetta 
1975: fig. 4c; Marramà et al. 2018: fig. 9D), and the diagnosis 
of Morphotype B matches with the irregular-shaped scales 
found in the head, pelvic and caudal region of the same indi-
vidual (Cappetta 1975: fig. 4e).
Galeorhinus vs. Eogaleus: taphonomic artifacts and affi-
nities.—The shark assemblage from Bolca offers a rare op-
portunity to study a framework of the diversity of carchar-
hiniforms during the early Eocene. The completeness of 
the fossil shark material from this assemblage allows for an 
in-depth comparative assessment.
Tooth morphology represents the most common source 
for the identification of extinct shark species (Cappetta 
2012; Marramà and Kriwet 2017). Dental analysis of the 
fossil taxa Eogaleus and Galeorhinus provided by Fanti et 
al. (2016), Marramà et al. (2018), and this study highlights 
differences in the taxonomic position of the two genera. 
Unlike G. cuvieri, the anterior teeth of E. bolcensis are 
bladelike and taller than they are wide, with the main cusp 
weakly expanded along its mesio-distal axis. The labial face 
of the crown is thickened by a bulge that partially overshad-
ows the root basally (for the comparison see Marramà et al. 
2018: fig. 7a, b; Fanti et al. 2016: fig. 5e–g). Furthermore, no 
mesial heel and upturned crown tip are displayed in lateral 
and antero-lateral teeth of E. bolcensis and the roots are 
generally thicker than those of G. cuvieri (for the compar-
ison see Marramà et al. 2018: fig. 7a, b; Fanti et al. 2016: 
fig. 5e–g). However, except for the tooth size, lateral and 
antero-lateral teeth of E. bolcensis have overall shape and 
dental characteristics quite similar to those of G. cuvieri, 
such as the cutting-type, incised distal heel, cusplets that 
decrease in size distally (i.e., up to four cusplets in E. bol-
censes, whereas up to five cusplets could occur in G. cuvieri 
dental types), occurrence of serrations on the mesial edge 
(for the comparison see Marramà et al. 2018: figs. 7c, d, 
8a–f; Fanti et al. 2016: figs. 5a, b, h, i).
Dermal denticles are commonly used in living taxa as 
a tool to detect spatial and temporal patterns to survey sea-
sonal movements and habitat preferences of coral-reef shark 
communities (Dillon et al. 2017; Ferrón and Botella 2017). 
Denticle morphotypes vary along the body of a single in-
dividual in shape and size, and their morphology is strictly 
linked to (i) the function that a single scale plays; (ii) the 
ecological niche occupied by the shark species. Except for a 
few documented cases, dermal denticle morphology is usu-
ally identified at the family level (Reif 1982, 1985a, b; Raschi 
and Tabit 1992; Dillon et al. 2017; Ferrón and Botella 2017). 
However, dermal denticle morphologies found on Bolca in-
dividuals (Cappetta 1975: figs. 4, 9c–e; Fanti et al. 2016: 
fig. 7c–h; Marramà et al. 2018: fig. 9; this study) definitively 
discriminate the individuals among G. cuvieri and E. bol-
censis. Following the classification of Dillon et al. (2017) 
and Ferrón and Botella (2017), the denticle morphotypes of 
G. cuvieri described by Fanti et al. (2016) can be included into 
the generalized function-type (i.e., dermal denticles that ex-
poses: no peaks on its anterior edge; smooth crown or crown 
with moderately low developed, ridges and furrows; an over-
all rounded or teardrop-shape) since none of the ridges, when 
present, run parallel to each other along the apical-distal axis 
of the dorsal face of each scale. Accordingly, G. cuvieri was 
probably a schooling species of low-moderate speed inhabit-
ing warm or tropical waters (e.g., enclosed bays or lagoons), 
similar to the extant school shark G. galeus (Fanti et al. 2016; 
Dillon et al. 2017; Ferrón and Botella 2017). In contrast, 
Morphotype A and B of MSNPV 24625-24626 belong to 
the defense and generalized functions types, respectively. 
Defense-type scales (i.e., dermal denticles with the following 
characters: star- or arrow-shaped denticle, with the crown 
that bears thick ridges, joining into an upward spine posteri-
orly; furrows are low deepened or absent; the anterior edge 
of the crown is shaped by developed peaks) are also found on 
MCSNV VII.B.94; Marramà et al. (2018: fig. 9D) included 
these denticles into the drag-reduction type (i.e., crowned- 
or oval-shaped scales with high developed ridges that run 
parallel to each other and cross the whole crown surface; 
the ridges are well separated by deep furrows; the peaks are 
prominent in the anterior edge of the crown) although we 
consider such denticles as defense-type since ridges merge 
posteriorly on the crown surface. Furthermore, this morpho-
type is virtually indistinguishable to arrow-shaped scales 
of the living tiger shark Galeocerdo cuvier (see Dillon et 
al. 2017: fig. 2a, denticle “r”). Thus, denticle morphology 
suggests E. bolcensis was a moderate-swimming speed 
taxon with costal-pelagic behaviors similar to the modern 
tiger shark (Dillon et al. 2017; Ferrón and Botella 2017). 
Marammà et al. (2018: fig. 10) compared the ecological role 
of E. bolcensis and modern sharks based on the correlation 
between ridge spacing and crown width, inferring E. bolcen-
sis as a near-shore moderate swimmer. Such statistical analy-
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sis is consistent with the ecological behaviors of E. bolcensis 
inferred in this study.
Meristic characters are used to evaluate inter- and intra- 
specific variation (Jawad 2001). Vertebral elements main-
tain a central role in swimming. As Porter et al. (2016) re-
cently argued, the biomechanism of vertebral bending acts 
as spring where stiffness and bending properties depend on 
the degree of the vertebral calcification. Either shape, size, 
and number of vertebral centra are active controllers of the 
body curvature during the swimming (Porter et al. 2009). 
Vertebral counts performed on Bolca carcharhiniforms is 
not a reliable anatomical character to discriminate G. cu-
vieri from E. bolcensis. Cappetta (1975: pl. 2) and Marramà 
et al. (2018: fig. 2a) considered the individual MCSNV T.311 
(E. bolcensis, holotype; the locality of the specimen is un-
clear) as a nearly complete specimen counting 139 vertebral 
centra. MGP-PD 8869C-8870C, an E. bolcensis individ-
ual from the Pesciara quarry (Cappetta 1975; Marramà et 
al. 2018), preserves 202 centra, considerably higher than 
MCSNV T.311 and the range proposed by Cappetta (1975) 
and Marramà et al. (2018) for the genus (see SOM 3 for 
measurements of centra). Figure 8 shows the centra size 
profiles of Bolca fossil specimens. All specimens show an 
increase in size on the anterior part of the vertebral col-
umn. All the individuals display a dramatic increase in the 
antero- posterior size of vertebral centra around the 40th cen-
trum, which corresponds to the trunk area close to the first 
dorsal fin. The length of centra decreases in several steps 
toward the caudal fin. The graph outlines close similarities 
of counts and size trends between MGP-PD 8869C-8870C 
(classified as E. bolcensis) and G. cuvieri specimens. Thus, 
affinities in vertebral elements and arrangements may sug-
gest a similar swimming performance among the two fossil 
taxa. In comparison to the examined specimens, the plotted 
axial arrangements of MSNPV 24625-24626 and MCSNV 
T.311 lack the distal decreasing steps, interrupting abruptly 
through the caudal region (Fig. 8). Such data support incom-
pleteness of the holotype MCSNV T.311 and similar tapho-
nomic remarks to those of MSNPV 24625-24626. Finally, 
the individual MCSNV T.311 may be addressed as an E. 
bol censis specimen from the Monte Postale locality, as well 
as MSNPV 24625-24626.
Longitudinal measurements of the external morphol-
ogy are commonly used to investigate morphometric dif-
ferences at the species level and species-specific variation 
between shark communities. Body measurements of fossil 
shark specimens from Bolca (SOM 1: table 1) display con-
sistent affinities with living taxa, thus supporting negli-
gible morphological variations among Carcharhiniformes 
body proportion from the Eocene and onward (Compagno 
and Garrik 1983; Compagno 1984; Compagno and Stevens 
1993; Compagno et al. 1996, 2008; Choi et al. 1998; Sato et 
al. 1999; Nakaya and Séret 2000; White and Last 2006; Séret 
and Last 2007; Schaaf-Da Silva and Ebert 2008; White and 
Ebert 2008; Iglésias 2012; McCosker et al. 2012; Weigmann 
2012; White and Harris 2013; White and Weigmann 2014; 
Famhi and White 2015).
Body-size estimates and growth curves.—As Galeorhinus 
cuvieri and Eogaleus bolcensis display no significant differ-
ences in their body ratios, all specimens have been included 
on the same plots. To estimate the body length of MSNPV 
24625-24626, the ratios of the trunk and the centra of the head 
region were plotted against each body segment. Estimates 
were calculated using four well-preserved Bolca carcharhini-
forms as standards (MCSNV T.1124, VII.B.97; MGGC 1976; 
MGP-PD 8869C-8870C, 8871-8872). We used the averages 
of trunk length/total length and length of vertebral centra 
of head region/total length, computed from well-preserved 
Bolca carcharhinids, to estimate the total length of MSNPV 
24625-24626. The Total length of MSNPV 24625-24626 is 
here estimated in about 172.1±0.1 cm (absolute error (Δa) 
0.1 cm, percentage error (ɛ%) 0.03%; Table 1, Fig. 9A). This 
approach has been consequently extended to MCSNV T.311 
and MNHN F.Bol.516, predicting the lengths in 152 cm and 
72.5 cm, respectively (Table 1). MCSNV VII.B.96-VII.B.97 
measures 83 cm, lacking the proximal area of the caudal 
fin (preserved caudal fin length 23 cm). The total length of 
the specimen is estimated as 89 cm according to the apical 
lobe-caudal tip/trunk length ratio (0.17).
Estimates provided here suggest that MSNPV 24625-
24626 could be one of the largest individuals of the Bolca 
elasmobranch fossil assemblage (Table 1, Fig. 9A).
Suggested ontogenetic calibrations are shown in Fig. 10 
and Table 2. The trend lines of both diagrams display con-
sistent linearity between specimens (Fig. 10). Specimens of 
G. cuvieri and E. bolcensis cluster in discernible groups. 
These trends suggest small ontogenetic variations among 
triakid individuals. On the contrary, the specimens of E. 
bolcensis cluster on both diagrams, although displaying 
relatively high variations among individuals (Fig. 10; see 
Fig. 8. Trends in antero-posterior length of vertebra of Galeorhinus cuvieri 
and Eogaleus bolcensis. Each area is given by the minimum and the max-
imum antero-posterior length of a single centrum from the same anatomi-
cal position of different individuals. All specimens show a slowly increase 
in size on the anterior area of the trunk. The largest size of centra occurs 
around the 40th centrum, close to the first dorsal. The length of centra de-
creases in several steps towards the caudal fin. Centra are numbered accord-
ing to their anterior-posterior longitudinal arrangements. Measurements and 
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SOM 3 for vertebral centra counts and measurements). 
The centra length averages of E. bolcensis specimens pro-
portionally vary according to the size of body segments, 
in the same way as Bolca triakids (Fig. 10A, B; Table 2). 
Nevertheless, diagrams (Fig. 10) indicate three main onto-
genetic classes according to proportional increasing of size 
among the individuals.
In support of ontogenetic variability found within the 
Bolca carcharhiniform assemblage, the fossil individuals 
were compared with extant ground sharks by superimpos-
ing size dataset of G. cuvieri and E. bolcensis with growth 
parameters of modern carcharhiniforms populations. Curves 
plotted by using the VBGF are performed according to the 
total length or head-caudal fin length of Bolca specimens 
as Lt, whereas the remaining parameters of the equations 
refer to extant populations (SOM 1: table 2, Fig. 9B). When 
growth parameters of several representatives of the fami-
lies Carcharhinidae and Triakidae are used, the Bolca in-
dividuals distribute along logarithmic trends in accordance 
with the growth model (R2 values range 0.92–1.00; SOM 
1: table 2, Fig. 9B). Moreover, age estimates and computed 
fits cluster the fossil individuals in three ontogenetic classes 
according to their size, though specimens belong to different 
taxa. Fits provided herein separate young individuals (G. 
Fig. 9. A. Size comparison between Galeorhinus cuvieri and Eogaleus bolcensis specimens. The total length of MSNPV 24625-24626, MCSNV T.311, 
and MNHN F.Bol.516 refers to estimated values discussed herein. MSNPV 24625-24626 is the largest of the series. B. Examples of total length-age fits 
performed with growth parameters of Galeorhinus galeus populations from New Zealand (B1, female growth parameters; Francis and Mulligan 1998) and 
Australian (B2, combined growth parameters; Moulton et al. 1992) by using VBGF (Bertalanffy 1938; see Table 2 for estimated age values). Both curves 
discriminate fossil individuals in three main ontogenetic classes: G. cuvieri specimens cluster close to each other on the bottom of the logarithmic trend 
line. Thus, G. cuvieri specimens were young individuals. On the contrary, E. bolcensis specimens arranged more spaced to each other toward the top of 
the trend line. Accordingly, E. bolcensis specimens were young or adult individuals, where MSNPV 24625-24626 is the largest of the series. 
Table 2. Antero-posterior measurements (in mm) of Galeorhinus cuvieri and Eogaleus bolcensis trunk and head regions according to the sum of 
vertebral centra length and the average of centrum size of the trunk and the head regions.
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Centra length average (trunk region) 3.5 4.6 4.1 4.5 4.4 8.9 8.5 9
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cuvieri specimens), from young-adult individuals (E. bol-
censis specimens). This datum is consistent with previous 
age estimates of G. cuvieri individuals, using the VBGF for 
living relatives, and vertebral bands count of MCSNV T.1124 
provided by Fanti et al. (2016). The estimated values for 
MCSNV T.311, and in particular for MSNPV 24265, display 
a significant variation probably reflecting the decreasing of 
growth rate during the life of the individuals within the pop-
ulation (SOM 1: table 2, Fig. 9B). The total length of MSNPV 
24265 is close to the plateau level of fits (i.e., the total length 
is similar to the L∞ computed for the surrogated populations).
Conclusions
SEM imaging of dermal denticles patches allowed us to iden-
tify MSNPV 24625-24626 as Eogaleus bolcensis Cappetta, 
1975. The morphometric dataset of centrum to total body 
length suggests that all Galeorhinus cuvieri specimens col-
lected from Bolca are juvenile individuals, whereas the E. 
bolcensis specimens were young-adults. MSNPV 24625-
24626 represented probably the largest (and therefore proba-
bly the oldest) specimen among G. cuvieri and E. bolcensis 
individuals from Bolca.
Paleoecological, paleoenvironmental, and anatomical 
features agree with a partial overlap of trophic niches be-
tween the two species (i.e., costal-pelagic habits for E. bol-
censis and lagoonal-costal for G. cuvieri; see also Fanti 
et al. 2016; Marramà et al. 2018). Therefore, the analog 
characters discussed here could reflect the sharing of sim-
ilar habitat areas. Modern representatives of the families 
Carcharhinidae and Triakidae inhabit a wide range of ma-
rine environments, including enclosing bays and coral reef 
settings (Compagno 1984). The Bolca Carcharhiniformes 
assemblage, therefore, highlights conservative ecological 
habit preferences between carcharinid and triakid species 
through geological time. Cases of convergent evolution in-
volving Carcharhiniformes evolutionary history are well 
documented in the fossil records (Cappetta 1992, 2012). 
As previously discussed by Cachera and Le Loc’h (2017), 
Mouquet et al. (2012) and Srivastava et al. (2012), similari-
ties in habitat traits infer weak phylogenetic signal between 
ecologically different species, in particular when the evo-
lutionary history of a taxon crosses a wide temporal range, 
such as Elasmobranchii (Cappetta 2012).
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